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(54) CONTROL SYSTEM AND STRATEGY FOR TAIL SITTER

(57) A tail sitter aircraft (10) is capable of forward
flight and hover operations. The tail sitter aircraft (10)
includes a wing (12, 13) and first (14) and second (15)
prop-nacelles supportively disposed on the wing. Each
of the first and second prop-nacelles includes an articu-

lable rotor (20), which is rotatable about variable rota-
tional axes and which includes blades (22) that are col-
lectively and cyclically controllable in both forward flight
and hover regimes.
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Description

[0001] The subject matter of this disclosure was made
with government support under HR0011-14-C-0010
awarded by DARPA. The government has certain rights
to this subject matter.
[0002] The subject matter disclosed herein relates to
tail sitter aircraft and, more particularly, to a control sys-
tem and a control strategy for a tail sitter aircraft.
[0003] A vertical take-off and landing (VTOL) aircraft
is one that can hover, take off and land vertically. This
classification includes fixed-wing aircraft as well as hel-
icopters and other aircraft with powered rotors, such as
cyclogyros/cyclocopters and tiltrotors. Some VTOL air-
craft can operate in other modes as well, such as con-
ventional take-off and landing (CTOL), short take-off and
landing (STOL) and/or short take-off and vertical landing
(STOVL). Others, such as some helicopters, can only
operate by VTOL, due to the aircraft lacking landing gear
that can handle horizontal motion.
[0004] Traditional configurations of VTOL aircraft have
layouts that utilize control surfaces to maintain control
during forward flight regimes. These layouts can be com-
plicated, however, in terms of mechanics and control al-
gorithms.
[0005] According to one aspect of the disclosure, a tail
sitter aircraft is capable of forward flight and hover oper-
ations. The tail sitter aircraft includes a wing and first and
second prop-nacelles supportively disposed on the wing.
Each of the first and second prop-nacelles includes an
articulable rotor, which is rotatable about variable rota-
tional axes and which includes blades that are collectively
and cyclically controllable in both forward flight and hover
regimes.
[0006] In accordance with additional or alternative em-
bodiments, the tail sitter aircraft includes fuselage. The
wing includes first and second wing elements extending
outwardly from opposite sides of the fuselage, and the
first and second prop-nacelles are supportively disposed
on the first and second wing elements, respectively.
[0007] In accordance with additional or alternative em-
bodiments, the blades for each articulable rotor are cou-
pled to a hub by way of a single, non-lead/lag pitch horn.
[0008] In accordance with additional or alternative em-
bodiments, the tail sitter aircraft includes a flight computer
configured to execute controlled articulations of each ar-
ticulable rotor and to execute collective and cyclic control
of the blades.
[0009] In accordance with additional or alternative em-
bodiments, the flight computer executes the controlled
articulations of each articulable rotor and the collective
and cyclic control of the blades during both of the forward
flight and hover regimes.
[0010] In accordance with additional or alternative em-
bodiments, rotation about a Y axis is achieved by appli-
cation of same-sign cyclic commands to each articulable
rotor, rotation about an X axis is achieved by application
of opposite-sign cyclic commands to each articulable ro-

tor, rotation about a Z axis is achieved by application of
opposite-sign collective commands to each articulable
rotor, thrusting is achieved by application of same-sign
collective commands to each articulable rotor, and side-
slipping is achieved by applications of same-sign articu-
lation commands and same-sign cyclic commands to
each articulable rotor.
[0011] In accordance with additional or alternative em-
bodiments, the rotation about the Y axis results in a nose
up/down movement during the forward flight regime and
a toppling movement during the hover regime.
[0012] In accordance with additional or alternative em-
bodiments, the rotation about the X axis results in a bank-
ing movement during the forward flight regime and yaw
movement during the hover regime.
[0013] In accordance with additional or alternative em-
bodiments, the rotation about the Z axis results in a yaw-
ing movement during the forward flight regime and a tee-
tering movement during the hover regime.
[0014] In accordance with additional or alternative em-
bodiments, the thrusting results in increased or de-
creased torque at each articulable rotor.
[0015] In accordance with additional or alternative em-
bodiments, the side-slipping results in a sideways move-
ment during the forward flight and hover regimes.
[0016] According to yet another aspect of the disclo-
sure, a tail sitter aircraft capable of forward flight and
hover operations is provided and includes a wing, first
and second prop-nacelles supportively disposed on the
wing, each of the first and second prop-nacelles including
an articulable rotor, which is rotatable about variable ro-
tational axes and which comprises blades that are col-
lectively and cyclically controllable in both forward flight
and hover regimes and a flight computer configured to
execute a control strategy in both the forward flight and
hover regimes by controlled articulations of each rotor
and by collective and cyclic control of the blades.
[0017] In accordance with additional or alternative em-
bodiments, the tail sitter aircraft further includes a fuse-
lage. The wing includes first and second wing elements
extending outwardly from opposite sides of the fuselage,
and the first and second prop-nacelles are supportively
disposed on the first and second wing elements, respec-
tively.
[0018] In accordance with additional or alternative em-
bodiments, the blades for each articulable rotor are cou-
pled to a hub by way of a single, non-lead/lag pitch horn.
[0019] In accordance with additional or alternative em-
bodiments, the control strategy includes rotation about a
Y axis achieved by application of same-sign cyclic com-
mands to each articulable rotor, the pitching resulting in
a nose up/down movement during the forward flight re-
gime and a toppling movement during the hover regime,
rotation about an X axis achieved by application of op-
posite-sign cyclic commands to each articulable rotor,
the rolling resulting in a banking movement during the
forward flight regime and a spin-like-a-top movement dur-
ing the hover regime, rotation about a Z axis achieved
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by application of opposite-sign collective commands to
each articulable rotor, the yawing resulting in a yawing
movement during the forward flight regime and teetering
movement during the hover regime, thrusting achieved
by application of same-sign collective commands to each
articulable rotor and side-slipping achieved by applica-
tions of same-sign articulation commands and same-sign
cyclic commands to each articulable rotor.
[0020] These and other advantages and features will
become more apparent from the following description
taken in conjunction with the drawings.
[0021] The subject matter, which is regarded as the
disclosure, is particularly pointed out and distinctly
claimed in the claims at the conclusion of the specifica-
tion. The foregoing and other features, and advantages
of the disclosure are apparent from the following detailed
description taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a schematic illustration of roll, pitch and yaw
in hover and forward flight regimes for a tail sitter
aircraft in accordance with embodiments;

FIG. 2 is a schematic illustration of a side-slipping
movement of the tail sitter aircraft of FIG. 1;

FIG. 3 is a perspective view of a portion of a rotor of
the tail sitter aircraft of FIGS. 1 and 2;

FIG. 4 is a schematic illustration of a flight computer
of the tail sitter aircraft of FIGS. 1 and 2; and

FIG. 5 is a front view illustrating a control strategy
for the tail sitter aircraft of FIGS. 1 and 2.

[0022] The detailed description explains embodiments
of the disclosure, together with advantages and features,
by way of example with reference to the drawings.
[0023] As will be described below, a tail sitter aircraft
is provided and is capable of rotor-only control throughout
the flight regime. This includes the vertical take-off and
landing (VOTL) or hover regime, the forward flight regime
and the transition regime between the hover and forward
flight regimes. The tail sitter aircraft can thus perform as
a rotorcraft and a fixed wing aircraft.
[0024] With reference to FIGS. 1 and 2, a tail sitter
aircraft 10 is provided and is capable of forward flight or
cruise operations and hover or vertical take-off and land-
ing (VTOL) operations. In accordance with some embod-
iments, the tail sitter aircraft 10 may include a fuselage
11 having a nose cone section 110, a trailing section 111,
a first side 112 and a second side 113 opposite the first
side. The tail sitter aircraft 10 further includes a first wing
element 12 extending outwardly from the first side 112
in a potentially fixed wing configuration, a second wing
element 13 extending outwardly from the second side
113 in a potentially fixed wing configuration, a first prop-
nacelle 14 supportively disposed on the first wing ele-

ment 12 and a second prop-nacelle 15 supportively dis-
posed on the second wing element 13.
[0025] With reference to FIG. 3, each of the first and
second prop-nacelles 14 and 15 includes an articulable
rotor 20. The articulable rotor 20 for each of the first and
second prop-nacelles 14 and 15 is rotatable about vari-
able rotational axes RA and includes a hub element 21,
blades 22 and a single, non-lead/lag pitch horn 23. The
blades 22 are each coupled to the hub element 21 by
way of the pitch horn 23 and extend outwardly from the
hub element 21. The blades 22 are collectively and cy-
clically controllable in both forward flight and hover re-
gimes by way of swashplate assembly 24. Though not
entirely shown in FIG. 3, the swashplate assembly 24
may include a swashplate 241, which is rotatable about
a rotor shaft, a plurality of servos that control a tilting of
the swashplate 241 relative to the rotor shaft and a plu-
rality of pitch change rods (PCRs). The PCRs are respec-
tively coupled at opposite ends thereof to the swashplate
241 and to the pitch horn 23 of each blade 22 and thereby
transmit the tilting action of the swashplate 241 to the
corresponding blade 22 to cause that corresponding
blade to pitch collectively or cyclically.
[0026] With reference to FIG. 4, the tail sitter aircraft
10 further includes a flight computer 30 that may be
housed in the fuselage 11, either or both of the first and
second wing elements 12 and 13 and/or either or both
of the first and second prop-nacelles 14 and 15. In any
case, the flight computer 30 is configured to execute a
control strategy in both the forward flight and hover re-
gimes by way of controlled articulations of each articula-
ble rotor 20 and by collective and cyclic control of the
blades 22 of each articulable rotor 20. As shown in FIG.
4, the flight computer 30 includes a processing unit 301,
a memory unit 302 and a servo control unit 303. The
memory unit 302 has executable instructions stored ther-
eon, which, when executed, cause the processing unit
301 to execute the control strategy by way of the servo
control unit 303. The servo control unit 303 is coupled to
each articulable rotor 20 and the blades 22 and is thus
disposed to control the articulations of each articulable
rotor 20 and the collective and cyclic pitching of the
blades 22 responsive to commands issued by the
processing unit 301 in accordance with the control strat-
egy.
[0027] Although not shown in FIGS. 1 and 2, the tail
sitter aircraft 10 may further include an engine and a
transmission system to drive rotations of each articulable
rotor 20. The engine and the transmission system may
be symmetric or asymmetric relative to a centerline of
the tail sitter aircraft 10 and may include one or both of
a gas turbine engine and an electric engine. The fuselage
11, the first and second wing elements 12 and 13 and
the first and second prop-nacelles 14 and 15 may also
be formed to define one or more interiors that can be
manned or unmanned and that can be used to house
fuel, aircraft electrical components and mission specific
payloads.
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[0028] During grounded operations, the tail sitter air-
craft 10 is supported on alighting elements 40 (see FIG.
2), that can be disposed at trailing ends of the first and
second prop-nacelles 14 and 15 or on spires 41 extend-
ing from the trailing ends of the first and second prop-
nacelles 14 and 15 out of a plane of the first and second
wing elements 12 and 13. In accordance with embodi-
ments, the alighting elements 40 may be arranged in a
3-point or 4-point configuration. In any case, the nose
cone section 110 points upwardly and the trailing section
111 points at the ground.
[0029] During VTOL and hover operations (hereinafter
referred to generally as "hover operations"), the articula-
ble rotors 20 of each of the first and second prop-nacelles
14 and 15 are driven by the engine and transmission to
rotate about initial rotational axes that may be defined
along longitudinal axes of the first and second prop-na-
celles 14 and 15 and the blades 22 may be collectively
and cyclically controlled to assume initial pitching angles.
As the tail sitter aircraft 10 transitions to the forward flight
operations, the articulable rotors 20 may be articulated
to rotate about variable rotational axes that are not
aligned with the longitudinal axes of the first and second
prop-nacelles 14 and 15 while the blades 22 may be col-
lectively and cyclically controlled to assume variable
pitching angles.
[0030] As shown in FIGS. 1 and 2 and with additional
reference to FIG. 5, the control strategy executable by
the flight computer 30 will now be described.
[0031] A positive pitching maneuver of the tail sitter
aircraft 10 is achieved by issuance of a +B1s gang com-
mand (i.e., a positive longitudinal cyclic command) from
the flight computer 30 that results in an application of
same-sign, negative aft cyclic commands to each artic-
ulable rotor 20. A negative pitching maneuver of the tail
sitter aircraft 10 is achieved by issuance of a -B1s gang
command (i.e., a negative longitudinal cyclic command)
from the flight computer 30 that results in an application
of same-sign, positive aft cyclic commands to each ar-
ticulable rotor 20. The positive/negative pitching maneu-
vers result in a nose up/down movement of the tail sitter
aircraft 10 during flight operations in the forward flight
regime and a toppling movement of the tail sitter aircraft
10 during flight operations in the hover regime.
[0032] A positive rolling maneuver of the tail sitter air-
craft 10 is achieved by issuance of a +B1s diff command
(i.e., differential longitudinal cyclic commands) from the
flight computer 30 that results in an application of a pos-
itive aft cyclic command to right-side articulable rotor 20
and a negative aft cyclic command to left-side articulable
rotor 20. A negative rolling maneuver of the tail sitter air-
craft 10 is achieved by issuance of a -B1s diff command
(i.e., differential longitudinal cyclic commands) from the
flight computer 30 that results in an application of a neg-
ative aft cyclic command to right-side articulable rotor 20
and a positive aft cyclic command to left-side articulable
rotor 20. The positive/negative rolling maneuvers result
in a banking movement of the tail sitter aircraft 10 during

flight operations in the forward flight regime and a spin-
like-a-top movement of the tail sitter aircraft 10 during
flight operations in the hover regime.
[0033] A positive yawing maneuver of the tail sitter air-
craft 10 is achieved by issuance of a +θ0 diff command
(i.e., differential torque command or a torque command
of varying magnitude directed to different rotors) from the
flight computer 30 that results in an application of a neg-
ative collective command to right-side articulable rotor
20 and a positive collective command to left-side articu-
lable rotor 20. A negative yawing maneuver of the tail
sitter aircraft 10 is achieved by issuance of a -θ0 diff com-
mand (i.e., differential torque command) from the flight
computer 30 that results in an application of a positive
collective command to right-side articulable rotor 20 and
a negative collective command to left-side articulable ro-
tor 20. The positive/negative yawing maneuvers result in
differential torque conditions at each articulable rotor 20
and thus a yawing movement of the tail sitter aircraft 10
during flight operations in the forward flight regime and
a teetering movement of the tail sitter aircraft 10 during
flight operations in the hover regime.
[0034] Positive or negative thrusting or throttling
maneuvers of the tail sitter aircraft 10 are respectively
achieved by issuance of a 6θ0 gang command (i.e.,
ganged torque command or a torque command of sub-
stantially uniform magnitude directed to different rotors)
from the flight computer 30 that results in an application
of same-sign, positive or negative collective commands
to both the right-side articulable rotor 20 and the left-side
articulable rotor 20. The positive/negative thrusting
maneuvers result in increased or decreased torque con-
ditions at each articulable rotor 20 and thus a speeding
up or slowing down of the tail sitter aircraft 10 during flight
operations in both the forward flight regime and the hover
regime.
[0035] As shown in FIG. 2, side-slipping maneuvers of
the tail sitter aircraft 10 are achieved by applications of
same-sign articulation commands and same-sign cyclic
commands to each articulable rotor 20. Such side-slip-
ping maneuvers thus result in a sideways movement of
the tail sitter aircraft 10 relative to wind, for example, dur-
ing flight operations in both the forward flight and hover
regimes. That is, where the tail sitter aircraft 10 is in a
hover mode, and local wind conditions blow along the
plate of the first and second wing elements 12 and 13 (in
the right-to-left direction of FIG. 2), each articulable rotor
20 may be tilted toward the wind with lateral cyclic com-
mands applied to each articulable rotor 20 to maintain a
position and attitude of the tail sitter aircraft 10 relative
to the ground.
[0036] While the disclosure is provided in detail in con-
nection with only a limited number of embodiments, it
should be readily understood that the disclosure is not
limited to such disclosed embodiments. Rather, the dis-
closure can be modified to incorporate any number of
variations, alterations, substitutions or equivalent ar-
rangements not heretofore described, but which are com-
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mensurate with the spirit and scope of the disclosure.
Additionally, while various embodiments of the disclo-
sure have been described, it is to be understood that the
exemplary embodiment(s) may include only some of the
described exemplary aspects. Accordingly, the disclo-
sure is not to be seen as limited by the foregoing descrip-
tion, but is only limited by the scope of the appended
claims.

Claims

1. A tail sitter aircraft capable of forward flight and hover
operations, comprising:

a wing; and
first and second prop-nacelles supportively dis-
posed on the wing,
each of the first and second prop-nacelles in-
cluding an articulable rotor, which is rotatable
about variable rotational axes and which com-
prises blades that are collectively and cyclically
controllable in both forward flight and hover re-
gimes.

2. The tail sitter aircraft according to claim 1, further
comprising fuselage, wherein:

the wing comprises first and second wing ele-
ments extending outwardly from opposite sides
of the fuselage, and
the first and second prop-nacelles are support-
ively disposed on the first and second wing el-
ements, respectively.

3. The tail sitter aircraft according to claim 1 or 2, where-
in the blades for each articulable rotor are coupled
to a hub by way of a single, non-lead/lag pitch horn.

4. The tail sitter aircraft according to one of claims 1 to
3, further comprising a flight computer configured to
execute controlled articulations of each articulable
rotor and to execute collective and cyclic control of
the blades.

5. The tail sitter aircraft according to claim 4, wherein
the flight computer executes the controlled articula-
tions of each articulable rotor and the collective and
cyclic control of the blades during both of the forward
flight and hover regimes.

6. The tail sitter aircraft according to one of claims 1 to
5, wherein:

rotation about a Y axis is achieved by application
of same-sign cyclic commands to each articula-
ble rotor,
rotation about an X axis is achieved by applica-

tion of opposite-sign cyclic commands to each
articulable rotor,
rotation about a Z axis is achieved by application
of opposite-sign collective commands to each
articulable rotor,
thrusting is achieved by application of same-
sign collective commands to each articulable ro-
tor, and
side-slipping is achieved by applications of
same-sign articulation commands and same-
sign cyclic commands to each articulable rotor.

7. The tail sitter aircraft according to claim 6, wherein
the rotation about the Y axis results in a nose
up/down movement during the forward flight regime
and a toppling movement during the hover regime.

8. The tail sitter aircraft according to claim 6 or 7, where-
in the rotation about the X axis results in a banking
movement during the forward flight regime and a
spin-like-a-top movement during the hover regime.

9. The tail sitter aircraft according to one of claims 6 to
8, wherein the rotation about the Z axis results in a
yawing movement during the forward flight regime
and a teetering movement during the hover regime.

10. The tail sitter aircraft according to one of claims 6 to
9, wherein the thrusting results in increased or de-
creased torque at each articulable rotor.

11. The tail sitter aircraft according to one of claims 6 to
10, wherein the side-slipping results in a sideways
movement during the forward flight and hover re-
gimes.

12. The tail sitter aircraft according to one of claims 1 to
11, further comprising:

a flight computer configured to execute a control
strategy in both the forward flight and hover re-
gimes by controlled articulations of each rotor
and by collective and cyclic control of the blades.

13. The tail sitter aircraft according to one of claims 1 to
12, further comprising fuselage, wherein:

the wing comprises first and second wing ele-
ments extending outwardly from opposite sides
of the fuselage, and
the first and second prop-nacelles are support-
ively disposed on the first and second wing el-
ements, respectively.

14. The tail sitter aircraft according to one of claims 1 to
13, wherein the blades for each articulable rotor are
coupled to a hub by way of a single, non-lead/lag
pitch horn.
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15. The tail sitter aircraft according to one of claims 12
to 14, wherein the control strategy comprises:

rotation about a Y axis achieved by application
of same-sign cyclic commands to each articula-
ble rotor, the pitching resulting in a nose
up/down movement during the forward flight re-
gime and a toppling movement during the hover
regime,
rotation about an X axis achieved by application
of opposite-sign cyclic commands to each artic-
ulable rotor, the rolling resulting in a banking
movement during the forward flight regime and
a spin-like-a-top movement during the hover re-
gime,
rotation about a Z axis achieved by application
of opposite-sign collective commands to each
articulable rotor, the yawing resulting in a yawing
movement during the forward flight regime and
teetering movement during the hover regime,
thrusting achieved by application of same-sign
collective commands to each articulable rotor,
and
side-slipping achieved by applications of same-
sign articulation commands and same-sign cy-
clic commands to each articulable rotor.
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